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Abstract: One aim of stem cell-based therapy is to utilize pluripotent stem cells (PSCs) as a supplementary source of cells 
to repair or replace tissues or organs that have ceased to function due to severe tissue damage. However, PSC-based ther- 
apy requires extensive research to ascertain if PSC derivatives are functional without the risk of tumorigenicity, and also 
do not engender severe immune rejection that threatens graft survival and function. Recently, the suitability of induced 
pluripotent stem cells applied for patient-tailored cell therapy has been questioned since the discovery of several genetic 
and epigenetic aberrations during the reprogramming process. Hence, it is crucial to understand the effect of these abnor- 
malities on the immunogenicity and survival of PSC grafts. As induced PSC-based therapy represents a hallmark for the 
potential solution to prevent and arrest immune rejection, this review also summarizes several up-to-date key findings in 
the field. 
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INTRODUCTION 

PSCs are capable of differentiating into almost all types 
of cells and hold great promise as an alternative source for 
cell-based therapy. Before large scale expansion of clinical 
compatible PSCs, direct differentiation into a given cell type, 
and structural and functional integration into transplanted 
organs can be clinically applied, concerns over immune re- 
jection and potential tumorigenesis will need to be ad- 
dressed. 

IMMUNOGENICITY AND VARIABILITY OF 
PLURIPOTENT STEM CELLS 

The assumption that patient-derived or syngeneic induced 
PSCs (iPSCs) will be immune-tolerated has since been dis- 
puted by studies completed by Zhao et al. [1]. This study 
demonstrated that both retroviral and episomal-derived 
iPSCs showed immune rejection after transplantation into 
C57BL/6 mice, compared to embryonic stem cells (ESCs). 
Expression analysis revealed that regressing teratomas com- 
monly overexpressed two genes that contribute to an in- 
crease in immunogenicity, Hormadl and Zgl6. Evidently, 
more recent studies have been conducted that contradict 
these initial findings. Concerns over the method of immuno- 
genicity assessment, number of clones tested, and repro- 
gramming efficacy have led to corrective measures and 
a more critical evaluation of the immunogenicity of 
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iPSC-derived tissues. A subsequent study assessed immuno- 
genicities of ESCs and iPSCs using three assays - teratoma 
formation, skin transplantation and bone marrow transplanta- 
tion - on five ESC and seven iPSC lines to obtain more con- 
clusive results [2]. Reports revealed that differentiated cells 
developed from iPSCs elicit limited 
immune responses, with no physiologic correlation between 
basal, endogenous expression of Hormadl and Zgl6 and 
syngeneic graft survival [2, 3]. 

Nevertheless, further investigation into the immuno- 
genicity of iPSC-derived tissue will be needed before use in 
a clinical setting. For example, variation among iPSC clones 
due to partial reprogramming or differential developmental 
stages can trigger an immune response during transplantation 
[2], One study revealed that the human immune system 
possesses a natural ability to detect pluripotency antigen 
Oct4 through memory T cells [4]. It seems that residual un- 
differentiated cells would need to be eliminated before trans- 
plantation to avoid an immune response to Oct4 as well as 
teratoma formation. In addition, there are still concerns over 
the influence of genetic background on the reprogramming 
process, as well as the introduction of genetic instability dur- 
ing this process. Reports have demonstrated that iPSC lines 
generated from the same individual show expression signa- 
tures more similar to one another than to those from different 
individuals [5], and that certain mouse strains were more 
efficient at generating iPSCs than others [6]. Furthermore, 
reprogramming methods that do not involve genomic inte- 
gration have been shown to be less prone to immune attacks 
and have a lower teratoma-forming propensity after trans- 
plantation [1, 7]. Nonetheless, single nucleotide polymor- 
phism and whole genome copy number variation analyses 
have revealed a higher frequency of genomic variations that 
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arise after reprogramming, during the prolonged iPSC main- 
tenance, and as a result of differentiation [8, 9] .Therefore, 
establishing standardized methods of reprogramming that 
elicit a minimal immune response would be beneficial before 
applications in a clinical setting. 

As cell replacement therapy would involve transplanta- 
tion of differentiated iPSCs into patients, another concern is 
increased immunogenicity involved with the differentiation 
process. Work with ESCs has shown variability in MHC 
expression and increased immunogenicity after differentia- 
tion [10, 11]. As a precaution, immunosuppressive drug 
regimens can be used to manipulate the recipients' immune 
system to accommodate transplantation of iPSC-derived tis- 
sue. However, there are several pitfalls to this, such as an 
increased risk for opportunistic infections, drug toxicities, 
and potential inhibition of graft maturation and function [12- 
14]. If in vitro modifications to iPSCs can be avoided, 
chance of host rejection will be reduced. Therefore, quality 
controls to avoid changes in antigen presentation and in ge- 
netic alterations during differentiation of iPSCs in combina- 
tion with immunosuppressive measures will be instrumental 
in promoting graft acceptance. 

UNDIFFERENTIATED PSCS EXPRESS LOW LEV- 
ELS OF MAJOR HISTOCOMPATIBILITY COMPLEX 
ANTIGENS AND CO-STIMULATORY MOLECULES 

Major histocompatibility complex (MHC) molecules in 
mouse or human leukocyte antigens (HLAs) in human have 
been identified as one of the major impediments in the de- 
velopment of transplantation. High polymorphism of MHC 
molecules attributes pertinently to the immunological barrier 
between organ donors and recipients, and incompatibility of 
MHCs leads to acute graft rejection [15, 16]. 

Although the immunogenicity of PSCs and their deriva- 
tives remains elusive, it has been shown that undifferentiated 
but not differentiated PSCs possess immune privilege prop- 
erties. Early studies have demonstrated that human ESCs 
(hESCs) have low expression of MHC class I, and complete 
absence of MHC class II antigens and co-stimulatory mole- 
cules (CD80 and CD86) [17-19]. Yet, when MHC molecules 
are up-regulated during ESC differentiation and/or during in 
vitro interferon-gamma (IFNy) stimulation, immune rejec- 
tion is accelerated [17, 18]. Mouse ESC-derived insulin pro- 
ducing cell clusters were shown to have higher MHC expres- 
sion, compared to undifferentiated ESCs of origin. In addi- 
tion to differentiation, increased immunogenicity of undif- 
ferentiated ESCs after IFNy treatment was reported by sev- 
eral studies, all of which concurred to similar results that no 
teratomas or only quickly regressing teratomas were formed 
[19-21] (Fig. 1). These findings suggest the possibility of 
PSC-derived graft failure, if transplanted into an unfavorable 
environment that promotes the upregulation of MHC mole- 
cules [22]. 

Successful generation of iPSCs seems to herald the pos- 
sibility for development of "customized" patient-specific 
cells and tissues to circumvent both ethic concerns and MHC 
barriers. Ideally, autologous iPSCs will be a perfect immu- 
nological match due to their lack of alloantigens to trigger 
graft rejection. Similar to ESCs, Suarez-Alvarez and col- 
leagues have confirmed the low expression of MHC class I 



and [32m, as well as the lack of MHC class II in iPSCs. Dur- 
ing the process of differentiation, an upsurge of MHC ex- 
pression was observed, particularly with a drastic boost in 
MHC class I and [32m, after formation of embryoid body 
(EB) structures (a common procedure used in PSC differen- 
tiation) [23]. Overall, these studies suggest that MHC ex- 
pression on PSCs is inducible and dynamically regulated, 
consequently implicating the immunogenic potential of PSCs 
and their progeny after tissue specification and cytokine 
treatment. 

EPIGENETIC REGULATION CONTRIBUTES TO 
INCREASED IMMUNE RECOGNITION OF DIFFER- 
ENTIATED PSCS 

Extending the notion of increased MHC expression dur- 
ing differentiation of iPSCs and ESCs demands for an in- 
depth investigation of its regulation mechanisms. Suarez- 
Alvarez et al. proposed an epigenetic mechanism to regulate 
MHC expression during differentiation. In undifferentiated 
hESCs and iPSCs, as a major epigenetic repression mecha- 
nism in gene expression, MHC class II and CIITA genes (the 
essential transcriptional factor for MHC class II expression) 
were found to be hypermethylated. Bisulfide sequencing and 
analysis of CpG methylation profiles all concluded that the 
absence of MHC class II expression in hESCs and iPSCs 
was controlled via heavy DNA methylation of these genes. 
Importantly, this hypermethylation status of MHC class II 
and its associated genes was barely changed after differentia- 
tion. This finding is in agreement with the previous observa- 
tion that MHC class II was neither expressed nor up- 
regulated during differentiation or after IFNy stimulation 
[23]. Considering the restricted expression pattern of MHC 
class II in nature, if PSC differentiation does not enhance 
MHC class II expression, then PSC-derived grafts are un- 
likely to carry professional antigen presenting cells (APCs) 
that could directly comprise engraftment via acute rejection. 

In contrast to MHC class II genes, components of MHC 
class I antigen processing machinery genes showed demethy- 
lation, which corresponds to enhanced expression in differ- 
entiated iPSCs; indicative of an increased susceptibility to 
rejection. Although MHC molecules act critically in antigen 
presentation, the complexity of this process requires signals 
other than MHC antigens. Early efforts have examined the 
expression of costimulatory molecules (CD40, CD80 and 
CD86) on PSCs. Similar to MHC class II expression, both 
differentiation and IFNy treatment did not increase the ex- 
pression of costimulatory molecules in human ESCs, and 
therefore regulation is possibly through a DNA methylation 
mechanism [17, 23, 24]. Presumably, the lack of costimula- 
tory molecule expression on PSCs further impairs their abil- 
ity to function as APCs. 

In addition to DNA methylation, histone modification 
provides alternative strategies leading to the MHC expres- 
sion profile unique in ESCs and iPSCs. Posttranslational 
modification of the amino-terminal tails of core histones acts 
in the regulation of gene expression and other diverse bio- 
logical processes. Depending on the type and number of his- 
tone modifications, epigenetic modified histone could either 
activate or repress gene expression. By performing ChiP 
assays, Suarez-Alvarez and colleagues showed that 
H3K9me3 (repressive histone marker) maintained a high 
degree at MHC class II loci during ESC differentiation. In 
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Fig. (1). Different approaches for the induction of pluripotency. A) Allogeneic PSCs can be derived by isolating the inner cell mass of a 
blastocyst 4-6 days post-fertilization and pre-implantation (ESCs). B) The SCNT method: transfer of the nucleus from patient somatic cells 
into enucleated donor oocytes, the inner cell mass containing nucleus transfer cells is removed from the blastocyst after 5 to 7 days, and sub- 
sequently cultured to generate patient specific PSCs. C) Four transcriptional factors, Sox2, Oct3/4, c-Myc and Klf4, are transduced into pa- 
tient's somatic cells via viral vectors. Induced pluripotent stem cells (iPSCs, syngeneic patient specific PSCs) can be generated by repetitive 
passaging and subculture. Once the PSC cell line has been established from different sources, the cells have the capacity of self-renewal and 
unlimited division in a theoretical setting. PSCs can be directed to preferentially differentiate into three different germ layers - endoderm, 
mesoderm and ectoderm - and potentially applied to clinical therapies. Coinciding with processes of differentiation, the major histocompati- 
bility complex (MHC) expression is robustly up-regulated, and therefore potentiates the immune rejection response post-transplantation. 



contrast, 60-fold greater H3K4me3 (active promoter marker) 
at MHC class I and [32m regions was observed in differenti- 
ated iPSCs and hESCs, coincident with the increased |32m 
mRNA level. It is known that lack of (32m in cells will limit 
the expression of MHC class I trimeric molecule on the cell 
surface. Histone modification of H3K4me3 in MHC class I 
genes post differentiation facilitated chromatin relaxation 
and allowed gene expression [23]. Expression of Tapasin 
(TPN), an antigen processing machinery family member, is 
also repressed by H3K9me3 in undifferentiated PSCs while 
upregulated by H3K4me3 in differentiated PSCs. TPN is a 
TAP (transporter associated with antigen processing)- 
associated glycoprotein and an ER chaperone. It is uniquely 
dedicated to MHC class I biosynthesis [23]. TPN binds 
MHC class I molecules and integrates into peptide-loading 
complexes. Formation of an "optimal peptide" bond allows 
MHC class I to be released and exported to the cell surface 
for presentation to T cells [24-26] (Fig. 2). The repression on 
TPN in undifferentiated PSCs could contribute to low MHC 
class I expression. It is undeniable that epigenetic regulation 
is fundamentally associated with controlling MHC expres- 
sion in ESCs and iPSCs, and provides tantalizing strategies 
for inducing tolerance for stem cells grafts. However, this 
study has yet to directly assess the time points for the series 
of events that lead to enhanced MHC expression in compari- 
son with other embryonic antigen expression. The risk posed 



by presenting embryonic antigens to a host immune system 
could result in the destruction of even syngeneic iPSCs by 
NK cells and T cell-mediated rejection due to an inherent 
ability to recognize embryonic antigens, as described above. 

EPIGENETIC MEMORY 

Gene profiling studies have revealed some aberrant epi- 
genetic patterns and even residual epigenetic memories from 
the cell type of origin in iPSCs [27]. With emerging evi- 
dence, it raises the concerns of whether disrupted epigenetic 
patterns in iPSCs will compromise their suitability for clini- 
cal application in regenerative medicine. 

Differentiated somatic cells have distinctive epigenetic 
patterns to maintain their cell identity, whereas cellular re- 
programming works to break the epigenetic barrier of differ- 
entiated cells back to an undifferentiated state [27]. Somatic 
cell nucleus transfer (SCNT) techniques facilitate a transfer 
of somatic cell nuclei into enucleated unfertilized or recently 
fertilized oocytes [27]. Of the current reprogramming meth- 
ods, SCNT is believed to generate iPSCs closest to the ESC 
pluripotent state. Kim and colleagues compared iPSCs gen- 
erated from SCNT and the typical Yamanaka transcription 
factor-based reprogramming method for alternations in DNA 
methylation [28]. Strikingly, there were remarkable epige- 
netic signatures left over from the somatic cell of origin, 
even though iPSCs from both methods established the 
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Fig. (2). Epigenetic mechanisms regulating MHC expression in PSCs. PSCs have low expression of MHC Class I, and complete absence 
of MHC Class II and co-stimulatory molecules. In undifferentiated PSCs, the genes of MHC and associated transcriptional factors are fully 
methylated. CpG islands contained in MHC genes are also in a complete state of methylation. Additionally, post-translational modifications 
of the amino terminal tails of the core histone in MHC genes results in H3K9 trimethylation, which withholds MHC expression in undifferen- 
tiated PSCs and early EBs. Differentiation of PSCs into desired therapeutic cells leads to an up-regulation of MHC gene expression seen in 
chromatin relaxation. MHC class I genes are demethylated in differentiated cells, including CpG sites. Post-transcriptional modification of 
H3K4 trimethylation results in chromatin relaxation and subsequent MHC gene expression. Furthermore, TAP-1, TAP2 and tapasin mole- 
cules, that participate in peptide loading onto MHC class I, also show a significant increase after differentiation, which further contributes to 
increased immune recognition. In addition to differentiation, in vitro IFNy stimulation and DNA methyltranferase treatment would up- 
regulate MHC expression in undifferentiated PSCs. 



defined ESC phenotype. The epigenetic landscape of SCNT- 
generated iPSCs revealed relatively much less deviation 
from those of authentic ESCs. They further investigated the 
differentiation potential of iPSCs derived from the two 
methods, which alternatively confirmed residual epigenetic 
memory in iPSCs. There was high propensity for iPSCs to 
differentiate into their cell type of origin; osteogenic and 
hematopoietic cells. Nonetheless, epigenetic abnormalities 
caused by forced expression of the four Yamanaka factors in 
early reprogramming process could be ameliorated by repeti- 
tive subculture and subsequent passaging [28]. However, 
certain epigenetic defects would not be completely corrected, 
and consequently, this reduces the flexibility of iPSCs and 
limits their future application in regenerative medicine. 



Ultimately, it is relevant to ask whether it is really possi- 
ble to coerce iPSCs to a pluripotency "ground-zero" state, 
similar to ESCs. The goal for using iPSCs is to utilize their 
capacity of self-renewal and differentiation to generate pa- 
tient-specific cells and tissues. Rather than focusing on how 
close iPSCs are to matching authentic ESCs, one could take 
advantage of epigenetic memory. If the target treatment de- 
mands for a specific cell type, iPSC lines based from close 
lineage would eliminate difficulties associated with targeted 
differentiation. For example, Bar-Nur et al. demonstrated 
that beta cell-derived iPSCs have a greater propensity to dif- 
ferentiate into insulin-producing cells [29]. Moreover, it 
seems that low immunogenic lineages could be generated 
from iPSCs derived from cells with inherent low immuno- 
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genicity. Recently, Liu et al. have successfully generated a 
population of neural progenitor cells with relatively low im- 
munogenicity from iPSCs derived from umbilical cord mes- 
enchymal cells (UMCs). As the cell of origin, UMCs have 
long been proven to be less immunogenic than other somatic 
fibroblasts used commonly in reprogramming. Authors 
showed that UMC-derived iPSCs and their differentiated 
lineages retain low immunogenicity of UMCs [30]. This 
observation reflects the presence of epigenetic memory in 
iPSCs and may hold new promises to develop stem cell- 
based therapy with low immunogenicity by utilizing epige- 
netic memories. 

PLURIPOTENT STEM CELLS MEET THE IMMUNE 
SYSTEM: INNATE IMMUNE RESPONSES TO PSCS 

Innate immunity is the first line of defense and is com- 
prised of fast responding immune cells, including all granu- 
locytes and natural killer (NK) cells. It carries the responsi- 
bility of generating an immediate wave of inflammatory re- 
action towards a graft after transplantation [22, 31, 32]. Even 
though innate immune cells do not require antigen specific- 
ity, they function as a bridge for full activation of the adap- 
tive immune system through the process of antigen presenta- 
tion. 

MHC molecules create a sense of "self in host immune 
systems. Both ESCs and iPSCs are characterized to be im- 
mune privileged by their low expression of MHC molecules 
to evade T cell mediated immune responses [15, 19]. How- 
ever, loss of "self entity on cell surfaces, similar to tumor 
cells, is the specialized forte of NK cell killing. Absence or 
mismatch of MHC class I on ESC-derived tissue would 
therefore lead to the premise of increased graft susceptibility 
to NK cell recognition and damage. Hanna et al. first studied 
the immunologic barrier of NK cells in iPSC-derived hema- 
topoietic progenitor cells (HPCs) and found a rejection of 
engraftment [33]. In support of this finding, others later re- 
ported that undifferentiated ESCs and ESC-derived progeni- 
tor cells were more prone to NK cell attack due to expression 
of NK cell activating ligands. One study compared the sus- 
ceptibility of undifferentiated ESCs and ESC-derived HPCs 
in the matter of NK mediated lysis. High levels of H60, an 
activating ligand to Natural Killer group 2 D (NKG2D), con- 
tributed to NK cell mediated destruction of ESC-derived 
HPCs in a perforin-granzyme dependent manner [34]. Ad- 
mittedly, balance of MHC expression on PSCs and their de- 
rivatives is critical for the involvement of NK cells in graft 
rejection. Tabayoyong et al. showed that the enhancement of 
MHC class I expression via IFNy stimulation would be pro- 
tective for HPCs against NK cell cytotoxicity [34]. One 
study further concluded that IFNy mediated up-regulation of 
MHC class I is critical in syngeneic transplant survival of 
ESC-derived vascular progenitor cells by evading NK cell- 
mediated lysis [26] (Fig. 3A). 

Contrary to the aforementioned findings, in the scenario 
of fetal development, absence of MHC class II and low lev- 
els of MHC class I at the maternal-fetal interface promotes 
maternal immunosuppression [35, 36]. Additional signals, 
besides MHC class I, are also utilized to establish fetomater- 
nal tolerance. For instance, HLA-G and HLA-E are non- 
classical MHC class lb molecules that are essential in the 
acceptance of an embryo. To investigate whether PSCs also 
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take advantage of these molecules, a study conducted by Yen 
et al. revealed that hESC-derived mesenchymal progenitor 
cells (MPCs) were resistant to NK cell lysis, coinciding with 
high HLA-G expression on the surface [37]. Furthermore, 
several reports claimed that this resistance to NK cell cyto- 
toxicity exists, by showing contradicting results in NKG2D 
ligand expression. Frenzel et al. revealed that NKG2D 
ligands were expressed on murine ESCs but not on ESC- 
derived cardiomyocytes (ESCM), protecting ESC-derived 
progeny from NK cell recognition and lysis [38]. 

To analyze these disparities, it is important to consider 
the differential responses posed by different NK cell sub- 
types, and account for the level of activation in the setting of 
in vitro assays. Given the challenges in grasping the balance 
of inhibitory and stimulatory signals in NK cells and the dy- 
namic regulation of MHC expression, it is likely that dis- 
crepancies on whether PSCs promote/evade NK cell- 
mediated cytotoxicity will continue. 

Granulocytes, macrophages and neutrophils, contribute to 
early inflammation attacks as an immediate immune re- 
sponse after transplantation. Neutrophils and macrophages 
are instantly recruited and infiltrated into the site of ESC- 
derived insulin producing cell cluster implants with robust 
inflammatory cytokine and chemokine excretion [20, 21]. 
Although innate responses are likely to eventually subside, it 
is unclear as to what extent adaptive immunity has been 
evoked and graft function has been damaged after this in- 
flammatory assault. It is clear that the immune system cannot 
simply be dichotomized into two isolated compartments. 
Given that early innate inflammatory responses lay the basis 
for later adaptive immune activation, effective control of 
innate inflammatory responses should improve long-term 
engraftment. 

PLURIPOTENT STEM CELLS MEET THE IMMUNE 
SYSTEM: ADAPTIVE IMMUNE RESPONSES TO 
UNDIFFERENTIATED PSCS AND THEIR DIFFER- 
ENTIATED PROGENIES 

Adaptive immunity generates antigen specific immune 
responses. Without immunosuppression, the outcome of al- 
logeneic transplantation is graft rejection mediated by CD4 
and/or CD8 T cells [39]. Activation of the adaptive immune 
system facilitates a subsequent expansion of specific recipi- 
ent T helper cells via either donor or recipient APC. As 
aforementioned, PSCs are unlikely to function as APCs ow- 
ing to the absence of MHC class II and costimulatory mole- 
cules. However, the immunogenic outcomes of engraftment 
remain uncertain, especially for PSC-derived epithelial cells. 
Under certain conditions, epithelial cells, the unconventional 
APCs, could acquire antigen presentation capacity leading to 
graft failure by directly activating allogeneic T cells [40]. 
Nevertheless, in stem cell-based transplantation, graft dam- 
age and subsequent functional failure are most likely due to 
indirect antigen presentation-mediated T cell response. 
CD4+ T helper cells do not directly lyse target cells express- 
ing allogeneic MHC molecules. Rather, they orchestrate the 
entire immune rejection response by aiding activation of 
donor specific immune cells; B cell and cytotoxic T lympho- 
cytes (CTL). The majority of graft damage and succeeding 
functional failure is caused by CTL-induced lysis through 
binding to MHC class I on donor cells [15-17, 39]. In gen- 
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eral, ESCs and iPSCs exhibit low immunogenicity with low 
expression levels of MHC class I molecules and undetectable 
levels of MHC class II and costimulatory molecules. Early 
studies have suggested that undifferentiated hESCs are inca- 
pable of inducing allogeneic T cell proliferation in mixed 
leukocyte reactions in vitro. Similarly, undifferentiated mur- 
ine ESCs and early EB cells expressing lymphocytic 
choriomeningitis virus (LCMV) peptides showed resistance 
to LCMV-specific CTL lysis [41]. In contrast, Dressel et al. 
argued that murine ESCs loaded with OVA peptide were 
subjected to OVA-specific TCR transgenic T cell recognition 
and subsequent antigen-specific lysis [42]. In this experi- 
mental setting, they used a pure OVA specific T effector cell 
population instead of a T cell mixture with diverse specific- 
ity, which might undermine inhibitory effects observed by 
other groups [43]. It is possible that indirect allorecognition 
of iPSCs and ESCs in prolonged engraftment may take place 
when recipient APCs pick up ESC- or iPSC-derived antigens 
to CD4+ T cells (Fig. 3B). 

Several potential mechanisms for suppressing host im- 
mune response mediated by PSCs have been proposed. Inhi- 
bition on T cell proliferation and activation is thought to oc- 
cur via Arginase I expression on the surface of ESCs. Con- 
sumption of L-arginine in the localized environment impairs 
proper activation of T cells, which would theoretically be 
reversed by supplementing L-arginine back into culture me- 
dia [44]. Our group found that addition of high levels of L- 
arginine did not ameliorate suppression on T cell prolifera- 
tion, suggesting other coexisting mechanisms. We found 
that, similar to intact cells, the cellular protein extracts from 
both undifferentiated mouse and human ESCs retain immu- 
nomodulation properties. ESC-derived soluble factors were 
able to suppress T cell proliferation and to impede DC matu- 
ration. T cells exposed to soluble ESC cellular factors also 
showed a reduced Thl cytokine production and transcrip- 
tional profile. The potential mechanism was likely through 
inhibition of PKC-9 phosphorylation^, 46]. In addition, 
ESCs have been reported to regulate the local microenvi- 
ronment to favor T regulatory (Treg) cell polarization to ac- 
quire immune privilege. Treg is a unique subset of T cells, 
which can suppress T effector cells with diverse antigen 
specificities. Induction or recruitment of Treg into the graft 
is an ideal outcome in transplantation. Once activated, Treg 
will reinforce an establishment of tolerance and acquirement 
of immune privilege [47-49]. In one study, a transplanted 
murine EB graft was accepted by an allogeneic recipient 
only in combination with non-depleting anti-CD8 antibody 
[49-51]. The greater proportion of infiltrating T cells in the 
tolerated graft was found to be FoxP3+. Even so, future stud- 
ies should be conducted to clarify how ESCs interfere with T 
cell polarization, and what the underlying mechanisms are. 

Taken together, the majority of reports and proposed 
mechanisms support a reduced immunogenicity of undiffer- 
entiated PSCs. One would ask whether their differentiated 
progeny is still capable of retaining these properties after an 
increase in MHC class I expression. In the context of stem 
cell-based therapy, the immunological properties of the cell 
type of interest after differentiation from either ESCs or 
iPSCs should be assessed to determine their suitability in 
clinical application. Currently, few studies have been re- 
ported regarding whether iPSCs possess the same immune 



inhibitory property as do ESCs. Kim and colleagues showed 
that iPSC-derived HPCs induce anergy in allogeneic CTL 
[52]. They speculated that induced T cell anergy was due to 
poor expression of MHC and co-stimulatory molecules. 
Though MHC class I expression was augmented with IFNy 
stimulation, the co-stimulatory molecule was unaffected. It 
would be interesting to examine whether anergy can be gen- 
erated in iPSC-derived tissues other than HPC/immune cells. 
In a number of clinical reports, co-transplantation of donor 
HPC/bone marrow together with other tissues has been 
shown to enhance engraftment [53-55]. To this context, co- 
transplantation of hESC-derived HPC or immune cells to- 
gether with other hESC-derivatives has been considered as 
one strategy to reduce immune rejection. It is possible that 
long-term protection from CTL-mediated killing could be an 
optimistic outlook in the future development of ESC- or 
iPSC-based therapeutics. 

TO BEHAVE AS A CANCER CELL OR NOT TO BE- 
HAVE 

One promising aspect of iPSC technology is the potential 
use in cell replacement therapy to treat numerous debilitating 
diseases. However, concerns over the immunogenicity and 
tumorigenicity of these cells has proven challenging when 
considering clinical applications. Immune evasion is a de- 
sired characteristic for iPSCs, but problematic when utilized 
by cancer cells, as it promotes tumor growth and develop- 
ment. 

Whereas iPSC technology is struggling with complica- 
tions involving immunogenicity, cancer cells are constantly 
evolving to escape or silence immune responses in order for 
a tumor to thrive in its microenvironment. Initially the im- 
mune system is able to protect the host against tumor devel- 
opment through immunosurveillance, which inadvertently 
leads to immune evasion by progression through three stages 
of immunoediting; elimination, equilibrium, escape [56-58]. 
There are several strategies that tumor cells employ during 
immune evasion, some of which include MHC class I struc- 
tural alterations/downregulation [59, 60], mutations of Fas or 
TRAIL [61, 62], and inhibition of T cell receptors and/or 
development of Treg [63, 64]. Many of the same mecha- 
nisms are used by undifferentiated pluripotent stem cells, 
however, clinical transplantations would involve differenti- 
ated progenies that do not share these characteristics, and 
therefore additional steps need to be taken to ensure reduced 
immunogenicity after transplantation. 

Not only is there an immunogenicity concern for iPSC 
use in clinical therapy, but there is also an inherent tumori- 
genicity risk associated with iPSCs as well. Evidently, many 
of the genes responsible for pluripotency induction are aber- 
rantly expressed in cancer [65, 66]. Gene expression mi- 
croarray studies done by Riggs et al. found that both iPSCs 
and oncogenic foci upregulated the glycolysis pathway and 
had substantial overlap in gene expression changes, indicat- 
ing that induced pluripotency and oncogenic transformation 
are related processes [67]. Supporting this notion, another 
study revealed that both iPSCs and cancer cells suppress 
Lefty expression, a tumor suppressor protein, whereas ESCs 
show normal expression levels [68]. iPSC-based therapies 
pose the risk of introducing chromosomal damage and ge- 
nomic instability during iPSC derivation, selecting for 



Immunogenicity of PSC 



Current Stem Cell Research & Therapy, 2014, Vol. 9, No. 1 7 



PSC-derived HPCs 




Activation 

Cytokine production 



Indirect presentation 



Anergy/Apoptosis ■ 

CTL cytotoxicity 



Fig. (3). Simplified schematic of natural killer and T cell immune responses towards PSCs and their progeny. A) PSCs and PSC- 
derived hematopoietic progenitor/stem cells (HPC) express low levels of MHC class I molecules, which make them susceptible to NK cell 
recognition and cytotoxicity. Even though PSC-derived HPCs have a low expression of NK activation ligands, the lack of MHC molecules 
for inhibitory signal alone will trigger NK cell killing by the release of granzyme and perforin. In vitro IFNy stimulation augments MHC ex- 
pression on PSC-derived HPCs, and is in turn, protective against NK cell cytotoxicity via binding of MHC class I on the NK inhibitory recep- 
tor. B) Due to the lack of co-stimulatory signals in the activation process, CD8+ cytotoxic T lymphocytes (CTLs) specific to PSC antigens are 
anergized, and subsequently results in apoptotic cell death. As in the indirect allogeneic recognition, recipient professional antigen presenting 
cells (APCs) can pick up PSC-derived embryonic antigens, and present to specific CD4+ T helper cells. With complete signal 1 from TCRs 
and signal 2 from co-stimulatory molecules, indirect recognition against PSCs will trigger immune rejection responses. 



tumorigenic clones, producing incompletely differentiated 
and aberrantly methylated cells during differentiation and 
culturing, as well as contaminating therapeutic cells and re- 
activating pluripotency transgenes during transplantation 
(reviewed by Lee et al.) [69]. 

Despite these clinical hurdles to iPSC-based therapies, 
progress has been made towards decreasing the risk of tumor 
formation after transplantation. One method involves remov- 
ing the oncogene c-Myc, which contributes to tumorigenesis 
through overstimulating cell growth/metabolism and promot- 
ing genomic instability during reprogramming [70, 71]. Ad- 
ditionally, a shift towards insertion-free procedures for gen- 
erating iPSCs has already been developed, given that viral 
methods are a risk for mutagenesis and subsequent tumori- 
genesis [72]. Together with other attempts to improve the 
quality of iPSCS, such as specific protein inhibitors [73], 
substitution [70, 71], use of micro RNAs [74, 75] or even 
small molecules [76], advances in this area look promising. 



Lastly, precaution during selection of the somatic origin of 
iPSCs should be exercised, as Miura et al. found that cell 
lines derived from mouse tail-tip fibroblasts and hepatocytes 
had a higher teratoma-forming propensity than other tissue 
origins [7, 77]. This is likely due to an increased resistance to 
differentiation in these cell lines, which may be associated 
with epigenetic regulation machinery. 

IPSCS FOR POTENTIAL TUMOR THERAPY, NOT 
INITIATION 

Despite concern for tumorigenesis, iPSC technology has 
generated enthusiasm in the field of cancer therapy. In par- 
ticular, iPSCs can be differentiated into immune cells, such 
as T cells and NK cells. By taking advantage of epigenetic 
memory, it may be possible to reprogram T cells with certain 
tumor antigens into iPSCs, then differentiate them back and 
expand the population before infusion back into a patient 
[78, 79]. Indeed, Themeli et al. have successfully combined 
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iPSC and chimeric antigen receptor (CAR) technologies to 
generate T cells targeting CD 19 that was expressed by 
malignant B cells, which potently inhibits tumor growth in a 
xenograft model [80]. Several studies have also focused on 
generating NK cells because of their anti-tumor effects 
without the need for antigen matching or previous exposure 
[81, 82]. iPSC-mediated immunotherapy can prevent relapse 
and immune rejection, and decrease tumor burden [83]. In 
addition, Li et al. investigated the possibility of using PSCs 
to develop a cancer vaccine [84]. In this paper, the premise 
that several oncofetal antigens are shared between cancer 
and stem cells led to the hypothesis that the immune re- 
sponse against these embryonic antigens would be cross re- 
active in targeting cancer antigens, and therefore generate 
protective immunity against tumors. Indeed, mice immu- 
nized with hESCs and iPSCs evoked stronger cellular and 
humoral immune responses against colon carcinoma through 
an expansion of tumor specific IFNy producing cells and a 
coinciding reduction of myeloid suppressive cells. Although 
the vaccination with iPSCs to relieve tumor burden or estab- 
lish tumor protection was not fully successful, this area is 
likely a promising modality that warrants further investiga- 
tion. Using less heterogenic iPSCs and combining other im- 
mune approaches may help to achieve this goal. Lastly, an- 
other area where iPSCs will be useful is for replacement of 
damaged tissue caused by radiation, chemotherapy, or sur- 
gery [78]. Successful engraftment of liver has already been 
shown to be effective [85]. In summary, provided that the 
necessary steps are taken to circumvent tumorigenicity, 
iPSCs could prove to be an efficient and effective means for 
cancer treatment. 
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